Analysis of the partition in a two-polymer phase system of Salmonella typhimurium R mutants with different susceptibility to phagocytosis distinguished between the mutants. Close to 80% of the R mutants least resistant to phagocytosis accumulated in the dextran-rich phase, whereas more phagocytosisresistant mutants showed higher affinity for the interface and the polyethylene glycol-rich top phase. By growing the uridine diphosphate (pyro)-gal-4-epimeraseless mutant LT2-M1 in the presence of D-galactose for different periods of time, two well-defined peaks were obtained in counter-current distribution analysis with an aqueous two-polymer phase system revealing a heterogeneous population in the culture. One peak was located at a site characteristic of R bacteria, the other at the site of S bacteria. As growth proceeded, more bacteria transferred from the R-type to the S-type peak. Within each peak, a gradual increase in resistance to phagocytosis by rabbit polymorphonuclear cells occurred with increasing length of growth in D-galactose.
The properties of a bacterial cell surface that determine its tendency to interact with a mammalian cell surface are poorly understood. It is well known that antibody and complement promote adherence to mammalian cell membranes and phagocytosis (12) . However, phagocytosis by rabbit polymorphonuclear leukocytes occurs even in the absence of antibody and complement when R bacteria are exposed to the leukocytes (12) . The chemical structure of the cell wall lipopolysaccharide (LPS) is known in detail for several enterobacteria (8) . Few attempts, however, have been made to describe or measure the overall physicochemical properties of the enterobacteria that might influence their interaction with animal cells. Recently, van Oss and Gillman (14) showed that bacteria with an interfacial tension (hydrophilic) lower than that of the phagocyte resisted phagocytosis, whereas bacteria with a higher interfacial tension (hydrophobic) readily got phagocytosed.
The aqueous two-phase system employed in this study has been used previously for the separation and analysis of both macromolecules and cells (2) . Partition between the two phases depends on the surface properties of the particle, i.e., affinity for the solvent and surface charge. In previous experiments, counter-current distribution separated Salmonella typhimurium cells possessing large amounts of Sspecific LPS on their surface from R mutants lacking these structures. Different R mutants, however, some of which carry minute amounts of S-specific LPS that result in moderate resistance to phagocytosis, were not resolved in counter-current distribution analysis (13) . The present communication describes differences in partition between such R mutants and shows their relationship to the ability of the bacteria to evade host defense.
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MATERIALS AND METHODS Bacterial strains. The highly mouse-virulent Sstrain S. typhimurium 395 MS, and the R mutants derived from it, have been described earlier (5, 12; A. A. Lindberg, 1971 , Thesis, Karolinska Institutet, Stockholm, Sweden). The uridine diphosphate (UDP)-galactose(gal)-4-epimeraseless mutant LT2-M1 was derived from S. typhimurium LT2 (6).
The SR mutant SH 1493, derived from S. typhimurium LT2 was kindly supplied by P. H. Makela, Helsinki, Finland (7) (Fig. 1) .
Cultivation. All strains were kept at 4 C on agar slants before use. Their phage patterns were checked at intervals. Bacteria were grown, harvested, and heat killed as previously described (12) . The UDP-gal-4-epimeraseless mutant was cultivated according to Lindberg et al. (6) Labeling with 5"Cr and "25I. Heat-killed bacteria were labeled with either ttCr or "25I as described earlier (12, 13) .
Phagocytosis experiment. The phagocytosis procedure has previously been described in detail (12) . Briefly, polymorphonuclear leukocytes were collected from the peritoneal cavity of rabbits after injection of a 0.1% glycogen solution. After washing in KrebsRinger phosphate buffer, the cells were allowed to adhere to cellulose acetate filters (Millipore Corp.). The phagocytosis was carried out in Krebs-Ringer glucose (10 mM) solution with 0.1% bovine serum albumin containing 2 x 108 labeled bacteria per ml. The samples were incubated at 37 C on a rocking table, and filters were removed after 30, 60, and 120 min. The radioactivity on each filter was measured in an auto-gamma scintillation counter (Packard Instrument Co., Downers Grove, Ill.) and the number of bacteria phagocytosed was calculated.
Phase system. The two-phase system was prepared from two stock solutions of 20% polyethylene glycol 6000 (Carbowax 6000, Union Carbide, New York, N. Y.) and 20% dextran T500 (lot 17, Pharmacia Fine Chemicals, Uppsala, Sweden) in 0.1 M tris(hydroxymethyl)aminomethane (Tris) buffer, pH 7.0, and was allowed to equilibrate at 4 C overnight. The final system used contained 4.40% (wt/wt) polyethylene glycol and 6.20% (wt/wt) dextran in 0.03 M Tris buffer (2) .
Single-step partition experiments. Two milliliters of bottom phase (dextran-rich) and 2 ml of top phase (polyethylene glycol-rich) were pipetted into test tubes. To each tube, 0.1 ml of bacteria suspended in 0.03 M Tris (2 x 108/ml) was added. The tubes were inverted repeatedly for mixing, and the phases were allowed to settle for 20 min at 20 C; 0.5-ml samples were then carefully withdrawn from each phase. The radioactivity was measured in each sample, and the percentages of cells in top and bottom phases, and of those adhering to the interface, were calculated.
Counter-current distribution. An automatic thinlayer counter-current distribution (CCD) apparatus (Incentive Research and Development AB, Stockholm, Sweden) with 60 cavities was used (3) . All but one of the cavities were charged with 0.8 ml of bottom phase (dextran-rich) and 0.98 ml of top phase (polyethylene glycol-rich). The remaining chamber was loaded with bacteria (109 cells) suspended in 1.8 ml of the complete ihase system. After 58 transfers, each with a shaking time of 40 s and a settling time of 5 min, 1.8 ml of buffer was added to each chamber to break the phases. The chambers were emptied, and the number of labeled cells was estimated with the auto-gamma scintillation counter. The partition ratio (G) was calculated from the relationship G = Vax/(N -Vmax), where Vmax is the number of the peak cavity of the distribution curve, and N is the number of transfers.
Phage (P22) adsorption rate constant determination. After counter-current distribution of living nonlabeled bacteria, the samples of a peak were pooled. The bacteria in each pool were then sedimented by centrifugation (10,000 x g for 20 min) and washed three times in PBS. The cells were finally suspended in nutrient broth (Difco) to a concentration of approximately 2 x 108 bacteria per ml. To 4.5 ml of the suspension, 0.5 ml of P22 suspension containing 1.8 x 106 phage per ml was added. At VOL. 8, 1973 on October 23, 2017 by guest http://iai.asm.org/ Downloaded from various times, samples were withdrawn to measure unattached phages (6) . The adsorption rate constant (ARC) was determined up to 90% inactivation, according to the formula dP/dt = KMP (1), where P is the number of unattached phage particles after time t (min), M is the number of bacteria per milliliter in the adsorption mixture, and K is the ARC.
RESULTS
To investigate the influence of different amounts of S-specific LPS on the distribution in the two-phase system, the UDP-gal-4-epimeraseless mutant LT2-M1 was employed. Incubated without D-galactose, LT2-M1 did not synthesize S-specific LPS (6) and concentrated in the bottom phase (Table 1, Fig. 2 ). With increasing time of incubation with galactose, increasing proportions of cells that concentrated in the top phase and moved into the S-type peak (13) appeared (Table 1, Fig. 2 ). After incubation for 10 min, approximately half of the cells, and after 180 min all the cells, moved into the S-type peak (Fig. 2) . In comparison, the SR mutant (SH 1493) showed an intermediate partition, resulting in a partition ratio of 1.1 compared to 0.30 for the R-type peak and 12 for the S-type peak (Fig. 2) . The two peaks noticed after 10 to 60 min indicate two populations with quantitative differences in S-specific LPS on the cell surface. This was further shown in phage adsorption rate measurements (ARC) with the S-specific bacteriophage P22.
Bacteria from the R-type peak adsorbed fewer phage than cells from the S-type peak (Table  2 ). In our test system the ARC of peak I was the same as the ARC of LT2-M1 bacteria grown in complete absence of D-galactose. The latter bacteria are supposed to be completely devoid (6) . To assess whether the bacteria within each peak type were uniform, cells from each of the peaks, obtained after growth of the cells for different periods of time in D-galactose, were exposed to rabbit polymorphonuclear leukocytes. Earlier work had shown that, although no separation occurs in CCD analysis, a more complete core structure in the LPS and minute amounts of Sspecific LPS on the cell surface enhance the resistance to phagocytosis (12) . Those bacteria that, after growth in galactose medium for 10 to 40 min, accumulated in the R-type peak, also demonstrated increased resistance to phagocytosis, indicating that more subtle changes occurred prior to the shift from the R-type to the S-type peak (Fig. 3) . Similarly, bacteria from the S-type peak after growth with galactose for 10 to 20 min were not so resistant to phagocytosis as those after 60 min or more. When all peaks were compared, bacteria from the S-type peaks were more resistant to phagocytic uptake than R-type peak bacteria. Earlier data (13) revealed that R bacteria collected mainly in the bottom phase and at the interface. However, to examine the distribution between interface and bottom phase more closely, a one-step separation procedure was tested. Table 3 shows the partition of each mutant in a two-phase system containing 6.2% dextran and 4.4% polyethylene glycol. The readily phagocytosed mutants RO, Rl, R2, R3, R6, R7, R8, and R10 were found primarily in the bottom phase, and to some extent at the interface. In contrast, the mutants more resistant to phagocytosis (R5, R9) showed affinity for the top phase and the bottom phase as well as to the interface. However, another mutant with moderate resistance to phagocytosis (R4a) was recovered from the bottom phase and the interface, whereas the affinity for the PEG-rich top phase was inconspicuous. An SR mutant (SH 1493) with only one unit of the S-specific repeating unit was distributed mainly to the top (12) is depicted in Fig. 4 . Some correlation appear to emerge: the bacteria most susceptible to phagocytosis tend to accumulate in the dextran-rich bottom phase.
DISCUSSION
An important stage in the interaction of a parasite and a host cell is the initial contact of their respective surfaces. This contact is more easily established with R mutants than with their parent S strain, both in the presence of fresh, normal serum and in the absence of antibody and complement (10, 12) . Similarly, R forms of Escherichia coli and S. minnesota, as opposed to the S form of S. london, were efficiently phagocytosed by the slime mold Dictyostelium discoideum (9) . Because these results indicate that non-specific surface properties of the bacteria, which are possible to describe in physicochemical terms, were involved in the interaction, a description of such parameters was started by means of partition in VOL. 8, 1973 two-polymer aqueous phase systems. In this way, S bacteria were separated from R mutants, whereas no distinction between different R mutants of different virulence and susceptibility to phagocytosis was possible (13) . The gal-4-epimeraseless mutant S. typhimurium LT2-M1 grown in the absence of D-galactose which is an R-like phenotype (6) behaved as an R mutant, whereas growth with D-galactose led to synthesis of S-specific LPS and an S-like partition. In order to investigate whether graded quantities of LPS would gradually affect the partition, S. typhimurium LT2-M1 was grown for different periods in D-galactose. No gradual moving of the peak from R-to S-like partition was noticed, however. In lieu of this, as growth in the presence of D-galactose proceeded, a second peak at the place of S bacteria appeared. With increasing time of growth the S-type peak became larger and the original R-type peak became smaller (Fig. 2) . These results indicate that the culture is not so homogeneous as was concluded by Lindberg et al. (6) . They considered that since C21 adsorption could not be demonstrated for more than 10 min after Dgalactose addition, the culture was homogeneous with respect to the synthesis of S-side chains. At that time every 25th "Rc-structure" carried an S-specific side chain. However, the loss of C21 adsorption indicated only that synthesis of the outer core had taken place beyond the galactose-less LPS (chemotype Rc; 5). Also, the absence of inhibition of Ra and Rb hemagglutinating activity by phenol-extracted LPS cannot exclude the presence of such LPS, since in LPS hybrids the S-specific structures mask the R structures (4). That such a synthesis might have taken place was supported by the increasing resistance to phagocytosis appearing within the R-type peak with increasing time of growth, although other mechanisms cannot be excluded (Fig. 3 ). An analogous increase in resistance to phagocytosis appeared in the Stype peak, indicating continuing synthesis of S-specific LPS. Since the S-specific side chain, encompassing 11 to 15 repeating units (6) , is transferred to the core LPS en bloc (11) , one or a limited number of S-type LPS chains may influence the bacterial surface enough to result in an S-like partition. A clear-cut difference in ARC for the phage P22, which is specific for bacteria with S-LPS, shows the presence of such material on bacteria in the S-type peak ( Table  2 ). The SR-mutant SH 1493, whose surface LPS contains one S-specific repeating unit, achieved one peak in CCD analysis, located between the R-type and S-type peaks. These are the first data which show that cells with LPS intermediate between R and S bacteria have an intermediate position in CCD analysis. The SR cells were, however, as resistant as S cells to phagocytosis by PMN cells in the absence of serum. These results indicate that the resolution of the CCD system used was mainly restricted to particles resistant to phagocytosis.
To exploit the two-phase system with respect to partition between top and bottom phase as well as interface, the one-step partition method 4 . Relation between accumulation in bottom phase (dextran-rich) and phagocytic index for S. typhimurium 395 MS, the mutants RO to R10 derived from it, and the SR-mutant S. typhimurium SH 1493. was adopted (Table 3) . In this system a distinction between the different R mutants was attained with respect to partition between bottom phase and interface. This distinction bears some but not full agreement with the phagocytic index obtained with rabbit polymorphonuclear cells in the absence of antibody and complement (Fig. 4) . These results suggest that the two-phase system measured some but not all properties of importance in the attachment of particles to phagocytes. The failure of the CCD system employed to resolve these differences was probably caused by imperfect transfer. The experiments were planned to involve a moving interface. However, in the CCD apparatus the interface tends to remain behind although the volume of the bottom phase is chosen such that it exceeds that of the lower basin (3). Therefore, the system did not improve a separation based on differences in partition between bottom and interface. Experiments have been initiated to improve the resolution of the one-step experiments by multiple transfers.
